Azo dyes are important persistent pollutants of textile industry effluents. Reduction of these dyes to their corresponding aromatic amines under anaerobic conditions can be used to initiate biodegradation. Since electron transfer is suggested to be rate limiting, redox mediators are being considered to improve dye reduction kinetics. This study evaluates the use of riboflavin, the redox active moiety of common occurring enzyme cofactors, as a redox mediator to accelerate the reduction of the azo dye, mordant yellow 10 (MY10). Dye reduction was found to follow zero order kinetics, the total rate constant (V total ) could be separated into two components: the rate of reduction due to direct contact between enzymes in the sludge with the dye (V direct ); and the rate of reduction mediated by riboflavin (V mediated ). Riboflavin increased the V total by 61% at extremely sub-stoichiometric concentrations of 9.1 µmol l -1 , which corresponded to a molar riboflavin:dye ratio of 1:60. The accelerating effect of riboflavin displayed saturation kinetics at higher concentrations, with a maximum increase of V total of approximately 2-fold. A model is presented which assumes that V mediated depends on the activity of riboflavin reductase (RR) and thus follows Michaelis-Menton kinetics with respect to the riboflavin concentration. The half-velocity constant (K m ) was very low (6.3 µmol l -1 ), indicating a high affinity of the sludge RR for riboflavin. Both V direct and V mediated were found to be proportional to the assay sludge concentration. The results taken as a whole indicate that vitamin levels of riboflavin can be utilized to improve the kinetics of azo dye reduction during anaerobic treatment.
Introduction
Azo dyes are important priority pollutants of the dye manufacturing and textile industry. Some azo dyes and their biotransformation products are toxic and carcinogenic (Brown and DeVito, 1993; Donlon et al., 1997) . The electron withdrawing character of the azo bond makes this class of compounds problematic for oxidative strategies of microbial degradation. The aerobic activated sludge process is not well suited for the removal of these dyes (Ganesh et al., 1994; Pagga and Brown, 1986) . However, reductive cleavage of the azo bond, generating aromatic amines, occurs readily under anaerobic conditions by a wide variety of microorganisms, sediments and sludges (Field et al., 1995; Stolz, 2001) . Anaerobic bioreactors can be used as the first stage in the total treatment of azo dyes, followed by aerobic post treatment, which results in the mineralization of the aromatic amines (Tan et al., 1999; Tan et al., 2000) . Several studies indicate that the main limiting factor of the reduction of azo dyes by anaerobic sludge is electron transfer (Rau et al., 2002; Van der Zee et al., 2001) . In order to accelerate the reduction of azo dyes by microorganisms in the sludge, redox-mediating compounds can be considered. Previous works have explored the use of quinone compounds at sub-stoichiometric concentrations in accelerating the rate of azo dye reduction (Kudlich et al., 1997; Rau et al., 2002; van der Zee et al., 2001a,b; van der Zee et al., 2000) . Aside from quinones, flavins are common enzyme cofactors involved in azo dye reduction (Gingell and Walker, 1971; Russ et al., 2000; Semdé et al., 1998) . In this study, a flavin enzyme cofactor precursor, riboflavin, was considered as a redox mediator for accelerating azo dye reduction in anaerobic granular sludge.
Material and methods
The azo dye, mordant yellow 10 (MY10), used as model for evaluation in this study, was obtained from ACROS (Fairlawn, NJ, USA) and had a purity of 86.3%. Riboflavin obtained from Sigma (St. Louis, USA) was used as the redox mediator. Structures of these compounds are shown in Figure 1 . The anaerobic granular sludge, utilized for this investigation, originated from a full-scale upward-flow anaerobic sludge bed reactor treating recycle paper mill effluent in Eerbeek, The Netherlands. Dye reduction rates were measured in anaerobic batch experiments utilizing 100 ml of medium in 250 ml serum bottles. The medium was prepared without adding any sulfur containing compounds, to exclude chemical reduction by reduced sulfur compounds. The nutrient composition of the medium was (mg per litre): NH 4 Cl (280); K 2 HPO 4 •3H 2 O (327); MgCl 2 •2H 2 O (50); CaCl 2 •2H 2 O (10); H 3 BO 3 (0.05); FeCl 2 •4H 2 O (2); ZnCl 2 (0.05); MnCl 2 •4H 2 O (0.5); CuCl 2 •2H 2 O (0.03); (NH 4 ) 6 Mo 7 O 24 •4H 2 O (0.05); AlCl 3 •6H 2 O (0.09); CoCl 2 •6H 2 O (2); NiCl 2 •6H 2 O (0.05); NaSeO 3 •5H 2 O (0.1); EDTA (1); 36% HCl (0.001 ml). In addition, the assays contained, 8 g volatile suspended solids (VSS) l -1 of granular sludge (in some experiments 2 or 16 g VSS l -1 ), 2 g COD l -1 of a volatile fatty acid mixture (1:1:1 dry weight ratio of neutralized acetic, propionic and butyric acids), variable concentrations of riboflavin added from a 200 mg l -1 stock solution, and 5 g NaHCO 3 l -1 as buffer. Bottles were sealed with a butyl rubber septa and flushed exhaustively with N 2 :CO 2 20:80% and incubated on a reciprocal shaker at 30°C in a constant temperature room. After approximately 48 h of pre-incubation to remove all traces of O 2 , MY10 from a concentrated stock solution was added to the sealed bottle with a syringe to a final concentration of 200 mg l -1 (corresponding to 172.6 mg l -1 pure dye). Samples were withdrawn and centrifuged (10,000 rpm, 10 min.) periodically during the following 12 h period for measurement of absorbance in a spectrophotometer at the maximum visible wavelength of the dye, 355 nm. The samples were diluted into a quartz cuvette with pH 7 0.1 mol l -1 K 2 PHO 4 buffer solution to less than 0.8 absorbance units (AU). The extinction coefficient at 355 nm of MY10 was 21,000 AU mol -1 l -1 . The dye degradation products (5-aminosalicylic acid and sulfanilic acid) had only 2.5% of the absorbance of MY10 at this wavelength and therefore corrections were neglected. Blanks lacking dye were measured to correct for background absorbance due to medium and riboflavin. Controls lacking sludge were measured also to confirm the lack of any abiotic mechanisms of dye reduction. Each treatment and control were carried out in triplicated serum bottles.
Results
The time course of dye absorbance decrease as a function of time was evaluated at concentrations of riboflavin ranging from 9.1 to 54.6 µmol l -1 as well as in a treatment lacking riboflavin utilizing 8 g VSS l -1 of Eerbeek anaerobic granular sludge. The molar riboflavin:dye ratio ranged from 1:60 to 1:10. Both first order and zero order models were used to estimate rate constants of dye reduction. Both models gave good fits; however, the zero order model fits were yielded slightly better coefficients of determination (R 2 ) of 0.97 and higher. The dye concentration utilized was greater than 3-fold excess of the half-velocity constant (K m ) of 168 µmol l -1 found for granular sludge with MY10 (Alkhenaizi and Field, unpublished data). Thus the initial velocity of dye reduction (V) would be sufficiently close to the maximum velocity (V max ) to justify zero order kinetics as shown below in Eq. (1): (1)). Additionally, the figure clearly shows how the rate of dye reduction was accelerated by the presence of micromolar concentrations of riboflavin.
In the presence of riboflavin, two processes are postulated to contribute to dye reduction, as shown in Figure 3 and described in Eq. (2). Firstly, direct reduction by enzymes in the sludge is expected to be solely responsible for the conversion in the absence of riboflavin. Secondly, chemical reaction of the dye with reduced riboflavin, generated enzymatically, is expected to be responsible for the increment of the rate in the presence of riboflavin.
( 2) where: V total total zero order rate constant (µmol l -1 /h); V direct component of rate constant due to direct enzymatic reduction of dye by enzymes in sludge The total rate constant (V total ) from the different experiments was plotted as a function of the added riboflavin concentration, as shown in Figure 4 . At very low concentrations of riboflavin (9.1 µmol l -1 ), the rate constant was increased by 61%. The rate constant continued to increase until reaching a maximum of approximately 22 µmol l -1 dye h -1 at 55 µmol l -1 riboflavin, which was about 2-fold faster than dye reduction in assays without riboflavin. High concentrations of riboflavin did not significantly increase the rate constant further, indicating saturation kinetics. The chemical reaction between reduced riboflavin and the azo dye is most likely a second order reaction depending on the concentration of the dye and reduced riboflavin. However, the reaction will approach first order since the level of reduced riboflavin will reach a steady state concentration reflecting the balance between its enzymatic generation and chemical oxidation. Thus the effective concentration of reduced riboflavin is a function of the sludge's riboflavin reductase (RR) activity and likewise this will affect the rate constant of dye removal. Thus at any given moment:
( 3) Over a small interval of dye removal, the relative change in dye concentration is so small that V mediated can be approximated by a zero order rate constant. As would be expected with enzymes, RR will be dependent on the riboflavin concentration and eventually saturate at excess concentrations according to Michaelis-Menton kinetics shown below in Eq. (4).
(4)
where: V mediated max Maximum rate of V mediated at saturation (µmol l -1 h -1 ); K m Half velocity constant (µmol l -1 ) Riboflavin
Riboflavin concentration
Using a Lineweaver-Burk plot to the V mediated data, the V mediated max term was was found to be 24 µmol l -1 h -1 and the K m was found to be 6.3 µmol l -1 . The low K m value indicates a high affinity of RR in the Eerbeek granular sludge for riboflavin. The average V direct value when utilizing 8 g VSS/L sludge was found to be 24.6 µmol l -1 h -1 . Using these values of V direct , V mediated max and K m , the following model in Eq. (5) was used to predict the V total at any given riboflavin dosage and is plotted together with the data in Figure 4 :
The results strongly suggest that the acceleration of dye reduction by riboflavin is dependent on the activity of RR. If hypothesis were true, than the absolute value of V mediated should be proportional to the amount of enzymes, or in another words the sludge concentration. The results in Figure 5 show that the rate of dye reduction in the absence or presence of 36.4 µmol l -1 riboflavin are proportional to the sludge concentration used in the assay. V mediated is represented by the difference between the two lines and it is also proportional to sludge dose.
To accommodate a model which takes into account variable sludge concentrations, all the measured zero order rate constants in the absence of riboflavin (V direct ) were normalized to sludge concentration as defined in Eq. (6). An average value of 2.77 µmol h -1 g -1 VSS was found.
where: V direct norm Sludge concentration normalized rate of V direct (µmol l -1 h -1 g -1 VSS); X, Sludge VSS concentration (g l -1 )
Likewise, V mediated is normalized against V direct according to Eq. (7), as follows:
where: V mediated norm Normalized rate of V mediated (unitless)
V mediated norm was fitted with a Lineweaver-Burk plot to determine the maximum V mediated norm (V mediated_norm_max ) for the Michaelis-Menton equation, which was 0.9703. A model which predicts the V total at any sludge or riboflavin concentration was elaborated as follows in Eq. (8): 
where: V mediated norm max Maximum rate of V mediated norm (unitless)
The model was used to predict rate constants at variable sludge concentrations in the presence and absence of 36.4 µmol l -1 (13.7 ppm) of riboflavin as shown in Figure 5 . The model predicted reasonable estimates of the observed rates of MY10 decolorization. The good fit supports an enzymatic model for the direct reduction of the dye as well as for the reduction of the redox mediator, riboflavin. In further support of the enzymatic model is the fact that heat-killed sludge in the presence and absence of riboflavin did not cause any reduction of the dye.
Discussion
The results demonstrate that azo dye reduction can be accelerated by the addition of riboflavin as a redox mediator to anaerobic sludge. A redox mediator should be cycled from its oxidized and reduced states ( Figure 3 ) and thus should be very effect at catalytic concentrations. This was indeed found to be the case, the lowest concentration of riboflavin tested (9 µmol l -1 ) caused a 61% increase in the rate of dye reduction at a 1:60 molar ratio of riboflavin:dye. Riboflavin was chosen as the redox mediator since it represents the redox active moiety in ubiquitous enzyme cofactors such as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), which have previously been implicated in azo dye reduction. The common occurrence of bacteria possessing azo reductase acivity with broad substrate specificity has been attributed to FAD reductase activity behaving as azo reductase (Russ et al., 2000) . Earlier researchers have the shown the importance of flavins for improving azo reduction by various pure cultures of bacteria (Gingell and Walker, 1971; Roxon et al., 1967) . Additionally, reduced flavins were shown to be responsible for the direct chemical reduction (non-enzymatic) of azo dyes (Gingell and Walker, 1971) , suggesting that once reduced flavins are generated enzymatically, the terminal reaction is chemical, as postulated in Figure 3 . FMN and FAD are expensive biochemicals which could not be used in practice to improve azo dye reduction during effluent treatment; however, riboflavin is an affordable vitamin which could be included at low concentrations in bioreactor influents to stimulate azo dye reduction during anaerobic treatment. In one previous study, riboflavin addition (125 µmol l -1 ) to a culture of the anaerobic bacterium Clostridium perfringens was found to increase the reduction rate of the azo dye, amaranth, by about 3-fold (Semdé et al., 1998) .
Conclusions
In this study, the effect of riboflavin on the rate constant displayed saturating effects. This observation suggested that riboflavin reducing (RR) enzymes in the anaerobic granular sludge had a high affinity for riboflavin. Fitting the data of riboflavin-mediated increment in the rate constant (V mediated ) to the Michaelis-Menton enzyme kinetic model demonstrated a high affinity of RR for riboflavin, with a half-velocity constant (K m ) estimated at 6.3 µmol l -1 .
